The distributional patterns of actively moving animals are influenced by the cues that the individuals use for choosing sites into which they settle. Individuals may gather information about habitat quality using two types of strategies, either directly assessing the relevant environmental factors, or using the presence of conspecifics or heterospecifics as an indirect measure of habitat quality. We examined patterns of heterospecific attraction with observational time-series data on a community of seven waterbird species breeding in artificial irrigation ponds. We fitted to the data a multivariate logistic regression model, which attributes the presence -absence of each species to a set of environmental and spatial covariates, to the presence of con-and heterospecifics in the previous year and to the presence of heterospecifics in the same year. All species showed a clear tendency to continue breeding in the same sites where they were observed in the previous year. Additionally, the presence of heterospecifics, both in the previous year and in the same year, generally increased the probability that the focal species was found breeding on a given pond. Our data thus give support for the heterospecific attraction hypothesis, though causal inference should be confirmed with manipulative experiments.
INTRODUCTION
A key challenge for better understanding distributional patterns of species with active habitat selection is to identify the cues that the individuals use to choose their breeding sites. The individuals may assess sites directly based on their environmental characteristics, such as availability of food, refuge from predators and a safe environment for nesting (Westphal et al. 2003) . As an alternative, the individuals may also use social information, the presence of con-and heterospecifics indicating that the site is likely to be suitable for breeding (e.g. Stamps 1988 ; Leibold & Mikkelson 2002; Ahlering & Faaborg 2006) .
Heterospecific attraction is expected to lead to positive co-occurrence patterns among species, and such patterns may thus signal the presence of direct or indirect species interactions. Non-random associations in species distributions have been studied by comparing species co-occurrence patterns with those generated by appropriate null models (Gotelli 2000; Peres-Neto et al. 2001; Gotelli & McCabe 2002; Sfenthourakis et al. 2005) . As species assemblages are affected by environmental conditions and a multitude of direct and indirect interactions (Diamond 1975) , it is however difficult to conclusively infer the causal links from observational data. Two species may co-occur especially often if they facilitate each other directly, but also if they simply share their habitat requirements. Similarly, the species may appear to avoid each other either if they show competitive exclusion, but also if they simply have dissimilar habitat requirements.
In the case of shared habitat requirements, individuals may use heterospecific presence as an indicator of patch quality (Mö nkkö nen & Forsman 2002; Forsman & Thomson 2008; Hromada et al. 2008) . Other factors behind the heterospecific attraction hypothesis (HAH, Mö nkkö nen et al. 1990 ) include e.g. reduced predation risk in multi-species communities, increased social stimulus and improved mating opportunities. The HAH has been experimentally confirmed for a few bird and newt species (Mö nkkö nen & Forsman 2002; Pupin et al. 2007) . While manipulative experiments provide the most conclusive evidence, they can be difficult to perform for many taxa, and they may fail to quantify the effect size under natural conditions. Thus, it would also be valuable to be able to address the HAH hypothesis with observational data.
In this paper, we consider as a case study spatio-temporal data on waterbirds breeding in a network of irrigation ponds. We attribute patterns of habitat occupancy to species-specific habitat requirements, to the presence of the same and of the other species in the previous year and to the presence of other species in the same year. Technically, our modelling approach is based on Bayesian multivariate logistic regression (O'Brien & Dunson 2004) , which has earlier been applied in the ecological context to snap-shot data on co-occurrence of wood-decaying fungi (Ovaskainen et al. in press) . Here, we add to the set of explanatory variables the presence of the species in the previous year, thus extending the applicability of the model to time-series data.
Our study system consists of a waterbird community that uses irrigation ponds as their breeding habitat. These ponds were constructed to store the water coming from an inter-river water transfer. The network of irrigation ponds is surrounded by an unsuitable habitat matrix for waterbirds except for the presence of some natural wetlands, and the environmental context is thus conceptually similar to an archipelago of islands (De Meester et al. 2005; Céréghino et al. 2008) . The system is highly dynamic partly because the irrigation ponds are regularly perturbed owing to management, suffering from abrupt changes in the water level, and being treated chemically with algaecides added to the water. The colonization -extinction patterns of many species are known to be influenced by variation in environmental covariates, such as vegetation type, and by spatial covariates, such as patch location and size (Sánchez-Zapata et al. 2005; Sebastián-González et al. 2010a,b) . The objective of this study was to extend the earlier speciesspecific results to a description of metacommunity dynamics. Our main focus is on the role of social information and heterospecific attraction in structuring the species community. As facilitative processes are expected to dominate over competitive processes in continuously perturbed environments (Bertness & Callaway 1994; Villarreal-Barajas & Martorell 2009 ), we predicted the predominance of positive co-occurrence patterns in this system. However, as some of the species have very similar niches and thus are likely to show strong competitive interactions, we predicted that the co-occurrence pattern could be negative for some pairs of species. The null hypothesis against which these predictions are tested is that community structure would be determined by the environmental conditions influencing each species independently of the other species, and so the co-occurrence patterns would be non-significant after accounting for the environmental and spatial patch characteristics.
MATERIAL AND METHODS
(a) The empirical study system The study was conducted in the Vega Baja Valley in southeast Spain, an agricultural area of 95 840 ha dominated by citrus fruit trees, vegetables, palm trees and housing developments (Sánchez-Zapata et al. 2005) . The climate is semiarid Mediterranean, with low annual rainfall (300 mm) and warm mean annual temperature (188C).
In the study area, there are several seminatural wetlands. Some of these (Pantano de El Hondo, Lagunas de la Mata y Torrevieja, Salinas de San Pedro and Salinas de Santa Pola) are international SPAs or RAMSAR sites and have a regional protection status because of their importance for waterbirds (Ramsar Convention Secretariat 2006 ). An additional type of habitat for waterbirds is provided by a network of ca 2627 irrigation ponds (0.01-6.61 ha in area), which have been constructed since the 1980s. The ponds and the wetlands form a well-connected system for mobile waterbirds (Cramp 1998) .
(b) Waterbird surveys Waterbirds were counted during the breeding season (between May and June, depending on the year) annually from 2002 to 2008 in a set of 221 irrigation ponds that were selected for the survey. The selected ponds are a random sample among the ponds that were available for the study, i.e. we excluded those that were located in fenced private areas or that we could not find in the field. The total census lasted three to four consecutive weeks, and we surveyed waterbirds during daylight. As the ponds are privately owned and fenced, access to all ponds was not possible during all years. Moreover, some ponds were destroyed or abandoned and dried during the study period. The number of yearly surveyed ponds varied between the minimum of 176 and the maximum of 221, being on average 194 ponds. Each pond was visited once a year. We stayed at the pond the time needed to assure a total bird count.
We focused on seven species of waterbirds that were known to breed commonly on the irrigation ponds (Sánchez-Zapata et al. 2005) : little grebe (Tachybaptus ruficollis), black-winged stilt (Himantopus himantopus), littleringed plover (Charadrius dubius), moorhen (Gallinula chloropus), common coot (Fulica atra), common shelduck (Tadorna tadorna) and mallard (Anas plathirhrynchos). Black-winged stilt and little-ringed plover are migrants, whereas the remaining five species are residents in the system of irrigation ponds and the adjacent wetland areas. Little grebe and the common shelduck are the earliest species to show signs of breeding activity (the rest of the resident species start the breeding process more or less at the same time but are less conspicuous), whereas the black-winged stilt is the last species to arrive to breed in the pond system.
Presence -absence of these species was recorded using binoculars and scopes. Given the small size of the ponds (ranging between 0.01 and 6.61 ha, average size ¼ 0.63 ha) and their poor vegetation cover (less than the 30% of the ponds presented vegetation at their shore), the survey error is likely to be small.
(c) Pond characteristics
We characterized the ponds using seven environmental variables that were known to affect the occurrence of this species community (Sánchez-Zapata et al. 2005; Sebastián-González et al. 2010a) . As covariates, we used (i) the log-transformed pond area (A), (ii) the log-transformed distance to closest wetland (D), and (iii) the log-transformed connectivity to other ponds (S). As fixed factors, we used (iv) the pond construction design, (v) the presence of submerged vegetation, (vi) the presence of shore vegetation, and (vii) the presence of reed (Phagmites australis).
We used digitalized aerial photographs and a geographical information system (GRASS 5.0) to calculate pond areas and the distance of each pond to the closest wetland. The connectivity of pond i to the remaining ponds was computed as
where the index j goes over all the known ponds (n ¼ 2627) except the focal pond i, A j is the area of pond j (in hectares) and d ij is the distance between ponds i and j (in metres). The mean value of log-transformed connectivity was 7.1, with range in 4.9-7.7. We distinguished two types of pond according to their construction design: low-density polyethylene (LDP) and high-density polyethylene (HDP). LDP ponds are covered by a layer of gravel to protect the plastic from solar radiation, providing the pond with a more natural appearance than in the case of HDP ponds.
We considered three vegetation types: shore vegetation (vegetation without a direct contact with the water), submerged vegetation (vegetation inside the water) and reed (P. australis) vegetation. Reed vegetation was considered separately because it has been considered important for providing breeding and refuge sites for the moorhen and the common coot (Cramp 1998) . Each of the three vegetation types was classified as present or absent, using a minimum surface cover of 10 per cent as a threshold. in press) that models the probability of a given combination of species found from a given sampling unit. Using the index i for the n sampling units and the index j for the m species, the model can be formulated as
and e i $ Nð0; RÞ
where the data y are arranged as an n * m matrix, X is the n * k design matrix (where k is the number of covariates used as explanatory variables), b is the k * m matrix of regression coefficients and the m * m correlation matrix R describes whether each species pair co-occurs on the same sampling unit more or less often than expected by random. F is the cumulative density function of univariate normal distribution with mean 0 and variance 1, and the link function is defined by logit(x) ¼ log(x/(1 2 x)). The function 1(x . 0) is the indicator function with value 1 if x . 0 and with value 0 otherwise. The technical description of the model (equation (2.2)) may look somewhat dissimilar from the usual notation of logistic regression, The explanatory variables were categorized into three types, providing information (i) on the environmental and spatial covariates, (ii) the presence of conspecifics and heterospecifics in the previous year, and (iii) the presence of heterospecifics in the same year. We fitted to the data four versions of the model, with differing sets of explanatory variables included (table 1). All of the models included the environmental and spatial covariates. All models also included the survey year as a random factor, with covariance structure specified by a species-to-species variance -covariance matrix V. Model M1(I) includes only these components, and it assumes independence among species by replacing the correlation matrix R by the identity matrix I (matrix with ones at the diagonal and zeros elsewhere). Model M1(R) is a multivariate model in which the correlation matrix R was fitted to the data. Models M2(I) and M2(R) are otherwise similar to models M1(I) and M1(R), but they use information on the occurrence pattern in the previous year to predict the occurrence pattern for the following year. More precisely, these models include as additional predictors (fixed factors) the presence of each species in that pond in the previous year.
Models M1(I) and M2(I) can be considered as environmentally constrained null models (Peres-Neto et al. 2001), which do not account for non-random co-occurrence patterns unlike models M1(R) and M2(R). Models M1(I) and M1(R) view the data from each year as dynamically independent snapshots. Models M2(I) and M2(R) are time-series models that include the presences of all species in the previous year as explanatory variables.
We assumed uniform priors for the regression coefficients b, a marginally uniform prior (Barnard et al. 2000) for the correlation matrix R and the Wishart prior W(I m , m þ 1) for the m Â m variance -covariance matrix V. The posterior distributions of the four models were sampled using the MCMC procedure described in Ovaskainen et al. (in press) .
(e) Model fit To assess whether the structural assumptions of the model were in line with the data, we examined the fit of the four model variants by comparing model predictions (posterior predictive data) against the real data. As our main interest is in patterns of species co-occurrence, we evaluated the model fit in terms of predicted number of ponds with no birds, with a single bird species and with two or more bird species. As the data come from an irregular patch network covering a large region, we also examined the possibility of spatially correlated residuals. To do so, we manually split the entire patch network into 10 sub-networks with the aim 
that they would be semi-independent (figure 1), and compared the observed prevalence with the predicted prevalence for each sub-network.
RESULTS
(a) Effect of the spatial and environmental covariates As the marginal distributions of the multivariate model are identical to those of univariate models (see above), the results relating to effects of the spatial and environmental covariates are identical for models M1(I) and M1(R). In these models, the occurrence probabilities of all species increased with increasing pond size and increasing amount of submerged vegetation, and they were higher for ponds constructed with the LDP material than the HDP material (table 2) . The distance to the closest wetland had a negative effect, i.e. ponds close to wetlands had birds with a higher frequency than ponds far from the wetlands. Somewhat surprisingly, connectivity had generally a negative effect, meaning that birds were most often recorded in those parts of the network in which pond density was low. The responses to the presence of shore vegetation and to the presence of reed varied among the species. The random effect survey year models any variation (e.g. owing to changing environmental conditions) on top of the fluctuations explained by the model. We did not find a high statistical support for species occurrence covarying with time for any of the species pairs (electronic supplementary material, table S1). Thus, residual fluctuations were not in synchrony between the species.
(b) Effect of the species community in the previous year The diagonal values of table 3 are positive for all species, thus a species found from a given pond in one year was likely to be found there also the next year. Also the presence of other species in the previous year generally Table 2 . The effect of the spatial and environmental covariates in model M1(R). The values show the median estimates of the regression coefficients. Cases for which the posterior probability for a positive (or negative) response was at least 95% are shown bold. The coefficient for material corresponds to the effect of LDP (the effect of HDP set to zero), and the coefficients for submerged, shore and reed vegetation correspond to the presence of that vegetation type. Log-transformed variables are indicated with an asterisk. increased the occurrence probability of the focal species in the next year. This was especially the case with the little grebe and the black-winged stilt, the presence of which in year t 2 1 had a positive effect on the occurrence probability of most of the other species in the year t. As an exception to the generally positive heterospecific effects, the presence of mallard in the previous year made it less likely that little-ringed plover would appear in the same pond the next year. This effect was asymmetric, as the presence of the little-ringed plover in the previous year did not influence the occurrence probability of the mallard in the following year. Including the species information at year t 2 1 in the model somewhat changed the estimated effects of the environmental and spatial covariates (electronic supplementary material, table S2). Models M1 and M2 largely agreed about the direction of a given effect, but model M2 generally predicted a smaller effect size. This was expected, as information on the presence of the species in the previous year takes away some of the explanatory power from the environmental and spatial covariates.
(c) Within-year co-occurrence among the species Different bird species generally occurred together with a higher frequency than expected by random (table 4) . Out of the 21 species pairs, we found in model M1(R) strong statistical support (posterior probability at least 95%) for a positive co-occurrence for 16 species pairs. The only case for which there was strong statistical support for a negative association consists of the species pair little-ringed plover and common coot, which occurred together less often than expected by random. The inclusion of the presence of the species in the previous year as explanatory factors (model M2(R)) explained away some of the within-year co-occurrence patterns. However, strong statistical support for additional positive (negative) within-year co-occurrence was still found for 11 (1) species pairs.
(d) Model fit Models M1(I) and M2(I) that do not account for withinyear co-occurrence underestimated the number of ponds with no birds, overestimated the number of ponds with one bird species and somewhat underestimated the number of ponds with two or more species (figure 2). This reflects the finding that most species pairs tended to co-occur more often than expected by random (table 4). As expected, the bias was largely removed in models M1(R) and M2(R), as these models include a measure of species-to-species co-occurrence. However, even these models somewhat overestimated the number of ponds with a single bird and underestimated the number of ponds with two or more species, suggesting the presence of some higher order associations.
To examine whether the data were affected by spatial factors not included in the model, we compared the observed and predicted prevalence within sub-networks (figure 1). For all the species, there was much spatial variation in the raw data (table 5). Model M1 captures more than half of this variation, and thus region-specific variation in prevalence can be to a large extent explained by the environmental and spatial covariates. The exception is the little-ringed plover, for which the prediction Table 4 . Species co-occurrence as measured by the correlation matrix R. The lower diagonal represents the correlation coefficients (elements of the matrix R) for model M1(R), which includes as explanatory variables the environmental and spatial covariates and survey year. Upper diagonal represents model M2(R), which additionally includes the presence of all species in the previous year. A positive value indicates that the two species co-occur more often than expected by random, a negative value the opposite case. Symbols as in Table 3 . The effect of the presence of the species in the previous year to the presence of the species in the focal year, based on model M2(R). Symbols as in of model M1 does not explain a significant part of variation among the sub-networks. However, for most species, some systematic deviations remain (figure 3). The sub-network-specific residuals were positive with 95 per cent credibility for one or more species in three sub-networks, while the opposite was true in five sub-networks (figure 3). Model M2 performs much better than model M1 in predicting the spatial patterns (table 5 and figure 3 ). This is not surprising, as it uses knowledge about the distribution of the species in the previous year.
DISCUSSION
The aim of our work was to use observational data to assess the HAH. Based on our results, the community of waterbirds has a very strong tendency to aggregate at the very same ponds, both within a year and between years. Such a result could follow simply from overall variation in habitat quality, the birds aggregating at the highest quality ponds. However, our results are based on a model that accounts for all environmental and spatial covariates that we expected to be of major importance (Cramp 1998; Sánchez-Zapata et al. 2005; Abellán et al. 2006; Arocena 2007; Sebastián-González et al. 2010a) . Further, the within-year aggregation pattern was evident also in model M2(R), which uses information on the species presence in the previous year, and thus includes an accurate assessment of habitat quality from the species point of view. Thus, we conclude that our results give rather strong support for the HAH hypothesis.
Waterbirds may obtain several benefits from settling in sites already occupied by heterospecifics (see review in Mö nkkö nen & Forsman 2002) . First, the presence of other species might provide protection against predators, by means of communal defence or alarming behaviour. For example, the black-winged stilt displays noisy alarm calls in the presence of predators that probably act as warning signals also for the other species. Second, heterospecific attraction can lead to an aggregated distribution also within species, increasing the number of encounters and thus facilitating the mating process. Third, the presence of residents can be a signal of low risk of predation, as the residents may already have been predated in patches with a higher predation risk. Heterospecifics can also act as indicators of habitat quality, especially for migrant species arriving to breeding sites (Thomson et al. 2003; Forsman & Thomson 2008; Hromada et al. 2008; Forsman et al. 2009 ). Migrants need to make fast but reliable decisions about where to breed, whereas residents have had much more time to evaluate patch quality.
Among the waterbird community studied here, the little grebe is the most widespread resident species in the irrigation ponds Table 5 . Variation in prevalence among the 10 sub-networks of figure 1. The first two columns show the mean and standard deviation (among the sub-networks) of species prevalence (fraction of occupied ponds). The latter two columns show the amount of variation explained in linear regression in which sub-network-specific prevalence is explained by the median of posterior predictive data. Cases in which the predictor was significant ( p , 0.05) are shown in bold. Based on M1(I) and M2(I), but species-specific predictions for M1(R) and M2(R) are identical ( §2 Chase & Leibold 2003) predicts that coexistence is possible if intraspecific competition is stronger than interspecific competition, requiring a partitioning of the niche space (Mac Arthur & Levins 1967; Tilman 1982) . Among the waterbirds included in this study, the little grebe is the only diving bird, feeding mainly in the middle of the water column (Cramp 1998) . Therefore, it does not compete for the resources with the other species, giving an additional explanation why its high co-occurrence with all other species is feasible. However, contrary to the expectation that coexistence would be possible mainly for species using different prey types or prey sizes (e.g. Nudds et al. 1994 Nudds et al. , 2000 Pö ysä et al. 1996) , also species with similar foraging and breeding niches frequently appeared together at the ponds. For example, both the blackwinged stilt and the little-ringed plover feed on invertebrates and locate their nests at the shore of the ponds (Cramp 1998 ), but their co-occurrence was still much higher than what would be expected by random. This may indicate that resource (prey and nest sites) availability is sufficiently high, as in such a situation a species' presence is not limited by the presence of its competitors (Chesson 2000) .
Facilitative processes are likely to be more important than competitive processes, in continuously perturbed environments (Bertness & Callaway 1994; VillarrealBarajas & Martorell 2009) , as is the case for the majority of the irrigation ponds. Variation in disturbance level may also explain that the somewhat surprising result that the prevalence of most species was highest in the sparse parts of the network. Ponds in areas of high pond density are likely to be visited, and thus disturbed, by a larger number of pond owners than in the case of isolated ponds. As distances between all irrigation ponds are small compared with the dispersal capacity of the waterbirds, low pond density may not be a problem from the dispersal point of view.
Hierarchical modelling approaches provide a flexible framework for partitioning variation in complex and structured datasets, and they are becoming increasingly popular in the ecological literature (Cressie et al. 2009 ). In the present case, the application of the Bayesian multivariate logistic regression model allowed us to assess the dynamics of the entire community in a single model, giving a compact description of the species-to-species relationships both between and within the years. While our results strongly support the HAH hypothesis, we recall that they are based solely on observational data, and must thus be interpreted with caution. As the next step, the results of this study can be used to design manipulative experiments to examine the processes behind the patterns reported here. For example, our results suggest that the migrant black-winged stilt uses the resident common shelduck as an indicator of habitat quality. This could be tested by placing artificial ducks (imitating the shape and colours of the common shelduck) at a randomized subset of ponds before the breeding season, and by monitoring whether these ponds are favoured by the black-winged stilt over the control ponds.
The co-occurrence patterns in the data are generated by similar (or dissimilar) responses to the shared environment, and by other factors such as direct and indirect interactions among the species. It is clear that our model includes only some of the relevant environmental and spatial covariates, the effects of other covariates remaining in the model residual. For example, we did not include any characteristics of the habitats surrounding the ponds, such as the presence of rabbit burrows, which can be used for breeding for the common shelduck (Uríos et al. 1991) . Further, as the data come from a spatial context, unsurprisingly the model residuals showed a level of spatial correlation. Such correlations can be caused by the dispersal process or by unmeasured spatially correlated environmental variation not included in our model. Nevertheless, we argue that the presence of the focal species in the previous year is an accurate and integrative species-specific measure of habitat quality. Thus, our strongest argument for the results supporting the HAH hypothesis is that higher than random co-occurrence of many species pairs was found also in the model that contained as an explanatory variable the presence of the species in the previous year.
